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ABSTRACT
The persistent, low-luminosity neutron star X-ray binary 4U 1812−12 is a potential member of the scarce family of ultra-compact
systems. We performed deep photometric and spectroscopic optical observations with the 10.4 m Gran Telescopio Canarias in order
to investigate the chemical composition of the accreted plasma, which is a proxy for the donor star class. We detect a faint optical
counterpart (g∼25, r∼23) that is located in the background of the outskirts of the Sharpless 54 H ii region, whose characteristic
nebular lines superimpose on the X-ray binary spectrum. Once this is corrected for, the actual source spectrum lacks hydrogen
spectral features. In particular, the Hα emission line is not detected, with an upper limit (3σ) on the equivalent width of <1.3 Å.
Helium (He i) lines are neither observed, albeit our constraints are not restrictive enough to properly test the presence of this element.
We also provide stringent upper limits on the presence of emission lines from other elements, such as C and O, which are typically
found in ultra-compact systems with C-O white dwarfs donors. The absence of hydrogen features, the persistent nature of the source
at low luminosity, as well as the low optical to X-ray flux ratio confirm 4U 1812−12 as a compelling ultra-compact X-ray binary
candidate, for which we tentatively propose a He-rich donor based on the optical spectrum and the detection of short thermonuclear
X-ray bursts. In this framework, we discuss the possible orbital period of the system according to disc instability and evolutionary
models.
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1. Introduction
Ultra-compact X-ray binaries are systems of great interest for
a number of reasons (e.g. stellar and binary evolution, gravita-
tional wave detection, thermonuclear burning; Nelemans et al.
2009; Tauris 2018). These X-ray binaries, which up to date have
been found to harbour neutron star accretors, are tight in orbital
periods shorter than ∼80 min where only a degenerate compan-
ion, such as a He star or white dwarf, can fit within the small
Roche lobe (Rappaport et al. 1982). The current population of
ultra-compact X-ray binaries is comprised by 14 systems (i.e.
with reported orbital periods; see e.g. Heinke et al. 2013, and ref-
erences therein; Strohmayer et al. 2018), despite ∼ 105 of these
sources are predicted to be hosted in our Galaxy (Van Haaften
et al. 2013). We might be missing large numbers of these sys-
tems because of the observational challenges in measuring or-
bital periods of low-mass X-ray binaries in general (LMXB;
Casares et al. 2017), and the faintness of these systems, in par-
ticular. As a matter of fact, some indirect evidences used to iden-
tify ultra-compact candidates are based on their X-ray faintness,
a direct consequence of their small accretion discs. According
to the disc instability model, systems persistently accreting at
very low X-ray luminosities should have short orbital periods,
since smaller discs can be entirely ionised at lower accretion
rates (Lasota 2001; in ’t Zand et al. 2007). Thus, ultra-compact
systems could sustain a persistent behaviour when accreting at
LX. 1036 erg s−1, while systems with longer orbits have per-
sistent X-ray luminosities of ∼ 1037−38 erg s−1 (see e.g. Nele-
mans & Jonker 2010; Revnivtsev et al. 2012) . Likewise, small
accretion discs result in lower optical to X-ray flux ratios be-
cause the disc region responsible for the X-ray (to optical) re-
processing is also smaller (van Paradijs & McClintock 1994).
Additional (also indirect) diagnostics are based on the degener-
ate nature of the donor star. These rely on the absence/presence
of emission/absorption features in the source spectra, which pro-
vide hints on the chemical composition of the accreted mate-
rial, and thus, on the nature of the companion star. We refer to
Nelemans et al. (2004); Baglio et al. (2016); Hernández San-
tisteban et al. (2019) for examples of optical studies, Homer
et al. (2002); Tudor et al. (2018) of UV studies and e.g. Juett
& Chakrabarty (2003); Schulz et al. (2001); Armas Padilla &
López-Navas (2019) for studies at X-ray energies.
The X-ray binary 4U 1812−12 fulfils several of the above
distinctive features. Since its discovery by the Uhuru mission
(Forman et al. 1976), the source has consistently displayed a
low (unabsorbed) X-ray flux of a few times 10−10 erg cm−2 s−1
(e.g., Warwick et al. 1981; Wilson et al. 2003; Barret et al.
2003; Muno et al. 2005). Numerous type I bursts have been
reported, unveiling the neutron star nature of the compact ob-
ject (e.g. Murakami et al. 1983; Tarana et al. 2006). Many of
these bursts showed photospheric radius expansion, which, as-
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suming Eddington-limited luminosities, place the source at ∼ 3.4
– 4.6 kpc (Cocchi et al. 2000; Jonker & Nelemans 2004). This
implies a persistent X-ray luminosity of ∼ 1036 erg s−1 [∼1 per
cent of the Eddington luminosity (LEdd)]. In the same way, the
R=22.15 optical counterpart corresponds to an absolute magni-
tude of ∼ 3.6 – 4.2 (Bassa et al. 2006). Thus, both the persis-
tently X-ray low luminosity and the low optical to X-ray flux
ratio make 4U 1812−12 a promising ultra-compact X-ray binary
candidate (Bassa et al. 2006; in ’t Zand et al. 2007).
In order to investigate further whether 4U 1812−12 be-
longs to the ultra-compact class, we obtained deep optical spec-
troscopy and Hα imaging with the 10.4 m Gran Telescopio Ca-
narias (GTC). Here, we present the results of this campaign, in-
cluding the identification of an extended nebula in the sky region
surrounding the system.
2. Observations and data reduction
We observed 4U 1812−12 on 2018 June 13 with the Optical
System for Imaging and low-Intermediate Resolution Integrated
Spectroscopy (OSIRIS, Cepa et al. 2000) attached to the GTC
at the Observatorio del Roque de Los Muchachos in La Palma,
Spain. We used the grism R1000R (2.62 Å pix−1), which covers
the spectral range 5100–10000 Å. We took four spectra of 1400 s
each using a slit-width of 1 arcsec, which provided a spectral
resolution of 474±3 km s−1 (measured as the full-width at half-
maximum of a sky line at ∼6300 Å). We reduced and combined
the data using iraf1 tools and custom python routines, whereas
the package molly2 was used for the analysis.
In addition, we obtained narrow band GTC/OSIRIS pho-
tometry (3 × 900 sec) of the field (August 1, 2019) using the
SHARDS filter U653/17, which is centred at 6530 Å (i.e. close
to Hα) and has a bandpass of 160 Å. We also took 120 sec images
using the filters SDSS-g and SDSS-r for photometric measure-
ments. Data were reduced using astropy-ccdproc routines (Ro-
bitaille et al. 2013; Price-Whelan et al. 2018; Craig et al. 2017).
3. Analysis and results
Aperture photometry of the SDSS-g and SDSS-r images was
carried out using photutils (Bradley et al. 2019) and calibrated
against field stars in the PanSTARRS catalogue (Chambers et al.
2016). The optical counterpart of 4U 1812−12 is detected in
both exposures, albeit it is significantly fainter in the blue filter
(g=25.3±0.3) than in the red band (r=22.76±0.07). The latter is
broadly consistent with R=22.15 reported in Bassa et al. (2006).
This indicates that the source is significantly absorbed, in agree-
ment wit NH∼1.5×1022cm−2derived in Tarana et al. (2006). Us-
ing the standard NH-Av relation in Predehl & Schmitt (1995) and
the prescription of Yuan et al. (2013) to calculate reddening co-
efficients, this NH translates into Ag ∼ 9 mag and Ar ∼ 6.2 mag.
This is fairly consistent with the above reported magnitudes.
The trace of 4U 1812−12 was clearly detected in the four
spectra redward of 5700 Å, which together with the strong tel-
luric features present in the red part of the spectrum restrict our
analysis to the spectral range 5700–7500 Å. The 2-D spectra re-
veal the presence of extended emission in the Hα spectral re-
1 IRAF, the Image Reduction and Analysis Facility, is distributed by
the National Optical Astronomy Observatory, which is operated by the
Association of Universities for Research in Astronomy under coopera-
tive agreement with the National Science Foundation.
2 http://deneb.astro.warwick.ac.uk/phsaap/software/
molly/html/INDEX.html
gion. A careful extraction using background regions not contam-
inated by this extended emission (labelled as ‘A’; middle panel
in Fig. 1), shows a strong and narrow Hα line accompanied by
[N ii] λ6548, 6584, as well as weaker [S ii] λ6717, 6731 emis-
sion (see red spectrum in the bottom panel of Fig. 1). Unlike
Hα, these forbidden transitions are not characteristic of LMXBs.
A close look at the spatial profile of our spectra along the slit
reveals that the lines arise in an asymmetric extended region
around the source (see middle panel in Fig. 1). The most in-
tense emission region has a size of ∼ 35 arcsec (∼ 25 arcsec from
the source position to the North and ∼ 10 arcsec to the South),
although it expands further with a dimmer intensity. In a sec-
ond step, we performed additional extractions considering back-
ground regions progressively closer to the trace of the target. As
expected, this made the nebular emission weaker, and eventually
to disappear. The bottom panel of Fig. 1 shows the average spec-
trum obtained by considering the background regions labelled
as ‘B’ in the middle panel. These were chosen to minimise the
presence of nebular [N ii] features in the final spectrum. This also
makes Hα to disappear (see sec. 3.2). As can be noticed in Fig. 1
(bottom panel) the two extractions, using sky regions ‘A’ and ‘B’,
yield remarkably similar continuum levels, with the exception of
the spectral regions including the aforementioned nebular lines.
This is consistent with the spectrum drawn in red being the sum
of that of 4U 1812−12 (i.e. the black one) and the contribution of
a nebula in some characteristic transitions. For a more meaning-
ful representation, both spectra were flux calibrated against the
flux standard GD140 that was observed at the end of the night.
The narrow-band imaging, top panel in Fig. 1, shows that
4U 1812−12 is located in the outskirts of a region with a high
density of diffuse gas. As matter of fact, the intensity profile of
our 2-D spectrum (middle panel) matches the nebular structure
covered by the slit in the spatial direction (top-right panel).
3.1. The origin of the nebular emission
There is a variety of astrophysical objects, such as H ii regions,
planetary nebulae and supernova remnants, that naturally pro-
duce the nebular features that we have observed. In addition,
some X-ray binaries have been associated with nebular struc-
tures produced by either photo-ionisation by high energy radia-
tion (e.g. Cooke et al. 2007, 2008) or shock-ionisation due to the
impact of the binary jet on the interstellar medium (e.g. Russell
et al. 2007; Wiersema et al. 2009).
In order to distinguish whether the surrounding diffuse emis-
sion is related to 4U 1812−12, we investigated some char-
acteristic emission line ratios commonly used as diagnostics
of shock-ionised or photo-ionised gas. In particular, we use
the Sabbadin & D’Odorico (1976) diagnostic diagram, that
uses the spectral lines that are more prominent in our spectra
(Hα/[N ii] vs. Hα/[S ii]). We obtain Hα/[N ii](6548+6584)=1.7±0.1
and Hα/[S ii](6717+6731)=4.1±0.4, values that comfortably sit on
the zone occupied by H ii regions (see fig. 10 in Öttl et al.
2014; see also Magrini et al. 2003). Exploring the location of
our source, we tentatively identify the diffuse gas surrounding
4U 1812−12 as being part of the large H ii emission nebula
Sharpless 54 (Sh2-54) placed eastward from the target. This re-
gion is ionised by the open cluster NGC 6604, located in the Ser-
pens constellation, at ∼1.5 kpc (Zucker et al. 2020; see Fig. 1).
Thus, the nebular emission is most likely in the foreground of
4U 1812−12, which is located at ∼ 4 kpc from the Earth.
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Fig. 1. Top panel: DSS2 coloured image of 2◦×1.8◦ including 4U 1812−12 (white rectangle), which is located in the outskirts of the H ii nebula
Sharpless 54. A zoom-in of the target’s region using our Hα narrow band imaging is shown together with the position of the slit in the spectroscopic
data. A 120 arcsec region covered by the slit along the spatial axis and corresponding to the 2-D spectrum (middle panel) is represented by a yellow
rectangle, while the position of the system is marked by a green circle. For a better visualization, the closest region to the target is further zoomed.
Middle panel: Zoomed 2-D spectrum in the Halpha region, covering 120 arcsec in the spatial direction. The position of 4U 1812−12 is marked
by a dashed red line. The vertical, white stripes denote the different background regions considered for the overall (A) and nebula-free (B) spectra
(see text). Intensity is indicated by a colour scale from 0 (deep blue) to 160 (bright yellow) counts. Bottom panel: Average spectra obtained
by considering the ‘A’ (red) and ‘B’ (black) background regions. Grey-shaded bands indicate spectral regions affected by interstellar or telluric
features.
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Fig. 2. Normalised spectrum of 4U 1812−12 once the nebular contribution has been subtracted (i.e. using the B-labelled regions from Fig.1 for
background correction). The red vertical lines indicate the position of Hα (solid) and several He emission lines (dashed). The vertical dotted, blue
lines indicate the approximate location of C and O blends detected in some ultra-compact systems (Nelemans et al. 2004). The grey-shaded bands
flag the spectral regions affected by interstellar or telluric features.
3.2. The optical spectrum of 4U 1812−12
We inspected the spectrum of 4U 1812−12 searching for features
indicative of the chemical composition of the accreted material,
and thus of the nature of the companion star. Neither H nor He
emission lines are detected (see Fig. 2). In Table 1 we list 3σ
upper limits on the equivalent width (EW) of Hα and some He i
lines, which are characteristic of LMXBs with H-rich companion
stars (e.g. Charles & Coe 2006; Mata Sánchez et al. 2018). These
were calculated using 1500 km s−1 wide spectral regions, which
is a standard value for the full width at half maximum of Hα in
LMXBs (Casares 2015), centred at the rest wavelength of each
transition.
Similarly, we also investigated the presence of C and O fea-
tures, which have been detected in the optical spectra of some
(candidate) ultra-compact X-ray binaries favouring C-O white
dwarf companions (see e.g. Nelemans et al. 2004; Werner et al.
2006). None of these features are significantly detected (3σ) in
our spectra [see Table 1 for upper limits on the EW for the most
prominent blends of C and O lines (Nelemans et al. 2004; in ’t
Zand et al. 2008)].
4. Discussion
The neutron star X-ray binary 4U 1812−12 has been recursively
detected at ∼ 1036 erg s−1 in every X-ray observation performed
since its discovery 50 years ago. This persistent activity at low
luminosity guided in ’t Zand et al. (2007) to propose an ultra-
compact orbit for the source. Likewise, Bassa et al. (2006) sug-
gested a short orbital period on the basis of the low optical to
X-ray flux ratio (van Paradijs & McClintock 1994). Here, we re-
ported on deep, optical spectroscopy aiming at identifying the
companion star class and further test the ultra-compact nature of
the system.
Our narrow-band imaging shows that 4U 1812−12 is located
in a patch of the sky with a high density of diffuse gas. The opti-
cal spectrum revealed conspicuous Hα, [N ii] and [S ii] emission
lines, similar to those typically found in H ii regions. The flux ra-
tios derived from these features strongly support this association.
Thus, we tentatively identify this diffuse gas region surronding
Table 1. Upper limits (3σ) on the EW of some of the most prominent
lines of classic LMXBs (i.e. with H-rich donors) and C-O blends de-
tected in ultra-compact X-ray binaries (see Nelemans et al. 2004).
Line λc (Å) EW (Å)
He i 5875.6 <2.8
Hα 6562.8 <1.3
He i 6678.1 <1.1
He i 7065.2 <0.9
Blend Spectral rangea (Å) EW (Å)
C ii 6040–6120 <4.6
C ii–C iii 6130–6180 <3.3
C ii–O ii 6550–6600 <1.5
C iii–O ii 6700–6760 <1.3
C ii–C iii 6760–6820 <1.3
C ii 7210–7260 <1.1
Notes. (a) EWs calculated in the spectral ranges used in Nelemans et al.
(2004).
the target as being part of the nearby H ii nebula Sharpless 54
located at ∼1.5 kpc (Zucker et al. 2020) in the Serpens constel-
lation. Considering the distance of ∼4 kpc inferred from the de-
tection of Eddington-limited thermonuclear bursts, we conclude
that the nebular emission is in the foreground of 4U 1812−12
and therefore that both astrophysical objects are unrelated.
Once the nebular contribution is subtracted (see Section 3),
the spectrum of 4U 1812−12 lacks any of the strong H and
He features typically found in LMXBs, supporting the ultra-
compact nature proposed for the system. On the one hand, in
classic LMXBs (i.e., with H-rich, low mass companion stars)
Hα is typically the most prominent optical emission line. Its EW
is anti-correlated with the continuum luminosity (X-ray and op-
tical), with typical values of EW>10 Å for X-ray luminosities
LX. 1036 erg s−1 (Fender et al. 2009). This is significantly larger
than our ∼1.3 Å upper limit. On the other hand, He i features are
much weaker in LMXBs, with He i at 5876 Å being typically the
strongest line. Unfortunately, this transition is in the blue part
of our spectral range, where the signal-to-noise ratio (SNR) is
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poorer. Thus, our upper limit on the EW (<2.8 Å) is not particu-
larly constraining. Likewise, our more stringent upper limits on
the redder He i transitions do not rule out the presence of He in
the accretion disc. As a matter of fact, theoretical modelling of
hot discs in ultra-compact systems favour the formation of He ii
lines above those of He i (Werner et al. 2006). This is consistent
with the modelling by Nelemans et al. (2006), which predict the
presence of strong He ii λ4686 and weaker He i λ5876, with the
remaining He transitions being too weak to be detected unless
very high SNR data are achieved. Our deep photometry (g∼25)
indicates that testing the presence of He ii λ4686 in the spectrum
of 4U 1812−12 will not be feasible in the near future.
A number of confirmed ultra-compact systems also show
featureless optical spectra. Deep Gemini spectroscopy of the
∼ 38 min orbital period LMXB IGR J17062−6143 (Strohmayer
et al. 2018) reveal a blue continuum with no emission lines
(Hernández Santisteban et al. 2019). Also, the ultra-compact sys-
tem 2S 0918−549 (Porb=17.4 min, Zhong & Wang 2011) and
the candidate A 1246-58 do not show significant features in
Very Large Telescope spectra (Nelemans et al. 2004; Nelemans
& Jonker 2010; in ’t Zand et al. 2008). However, some ultra-
compact systems did show emission lines of elements other than
H. In particular, the detection of C and O emission features in the
optical spectra of 4U 0614+091, 4U 1626−67 and 4U 1543−624
evidences the presence of metal-rich material in the accretion
disc, suggesting a C–O white dwarf donor for these sources
(Nelemans et al. 2004, 2006; Werner et al. 2006; Baglio et al.
2014). These emission lines are not present in our GTC spec-
trum. In particular, for the C-O blends between 6500 and 7300 Å
we derive 3σ upper limits (<1.1–1.5 Å) which are significantly
smaller than the 1.5–4 Å EWs reported in the aforementioned
works. Likewise, the presence of He ii and N iii emission lines in
the spectrum of the dipper system 4U 1916−05 provided the first
direct evidence of a He-rich companion star in an ultra-compact
X-ray binary (Nelemans et al. 2006). This scenario is supported
by the detection of frequent short bursts episodes, which, in this
case, would be ignited by pure (or almost pure) He accreted
fuel (see e.g., Galloway et al. 2008). Finally, we also note that
the transient ultra-compact candidate 1RXS J180408.9−342058
(Baglio et al. 2016; Degenaar et al. 2016) shows a hint of He ii
emission at 4686 Å. Based on this, Baglio et al. (2016) proposed
a He white dwarf companion in a ∼40 min orbit.
As a matter of fact, the properties of thermonuclear X-ray
bursts, such as duration, recurrence time and radiated energy,
provide hints on the composition of the accreted fuel. As a rule
of thumb, regular (short, . 1 min) X-ray bursts are fuelled by
He or a mixture of H and He, while intermediate and long bursts
(several minutes to hours) are powered by He and C burning,
respectively (see e.g. Cumming 2003; Falanga et al. 2008; Gal-
loway et al. 2010). In this regard, 4U 1812−12 has displayed nu-
merous regular bursts (Murakami et al. 1983; Cocchi et al. 2000;
Tarana et al. 2006; Galloway et al. 2020). Assuming the premise
of the ultra-compact nature, these would be fuelled by pure He,
pointing therefore to a He-rich donor, similarly to 4U 1916−05.
Interestingly, the properties of 4U 1812−12 resemble to some
extend to those displayed by 4U 1916−05: a persistent X-ray lu-
minosity of ∼0.01 LEdd, a low optical to X-ray luminosity ratio,
the aforementioned episodes of short thermonuclear bursts and
the lack of H lines in the optical spectra. As discussed above,
the faintness of the source in the blue (g∼25) prevented us from
testing the presence of the distinctive He ii–N iii lines observed
in 4U 1916−05, which are located at 4000-5000 Å (Nelemans
et al. 2006). Therefore, we can not rule out that a similar sce-
nario might apply to 4U 1812−12.
This would not be in conflict with the disc instability model
for He accretion discs. Following Coriat et al. (2012) we derive3
a persistent mass-transfer rate of ∼5×10−10 M yr−1, which sits
above the (irradiated He disc) instability threshold for orbital pe-
riods shorter than ∼ 25 min (Lasota et al. 2008). In addition, con-
sidering evolutionary tracks for donor stars in ultra-compact bi-
naries, the above mass accretion rate translates into an orbital pe-
riod of ∼ 20 min for a He white dwarf donor (Deloye & Bildsten
2003; Sengar et al. 2017). Using the same approach the orbital
period would become & 35 min for a He star companion. How-
ever, the latter longer orbital period would imply a transient be-
haviour according to the instability model for He discs (Heinke
et al. 2013; Hameury & Lasota 2016).
It should be noted, however, that in some cases is diffi-
cult to reconcile all the observables into a unified picture. For
instance, the intermediate thermonuclear bursts displayed by
4U 0614+091 suggest a He-rich companion star, while its op-
tical spectrum points to a C-O rich accretion disc (Kuulkers
et al. 2010). Likewise, a He-rich companion was proposed for
the ultra-compact 2S 0918−549 based on the detection of inter-
mediate bursts (in ’t Zand et al. 2005), while the disc instability
models favours a C-O white dwarf companion in order to ac-
count for its persistently low luminosity (Heinke et al. 2013).
Spallation reactions (Bildsten et al. 1992) have been invoked as
a possible solution for this problem (Juett & Chakrabarty 2003;
Nelemans et al. 2004). However, this scenario presents several
caveats as discussed in in ’t Zand et al. (2005) and Heinke et al.
(2013).
5. Conclusions
We have presented optical (GTC-10.4m) spectroscopy and Hα
imaging of the X-ray binary 4U 1812−12, which is found to
be located in the background of the H ii region Sharpless 54.
The source spectrum is featureless, not showing any of the emis-
sion lines typically displayed by LMXBs with H-rich compan-
ion stars. In particular, the absence of Hα emission strongly sug-
gests an evolved donor star. We conclude that the lack of H fea-
tures reported here, together with the persistently dim luminos-
ity and low optical to X-ray flux ratio, strongly endorse the ultra-
compact nature of 4U 1812−12. We suggest the companions star
is He rich, based on the optical spectrum and the short thermonu-
clear type-I bursts displayed by the system.
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